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Abstract 
Polycrystalline samples La0.7-xNdxSr0.3Mn0.7Ti0.3O3 (x= 0.10; 0.20 and 0.30) were prepared by 
a high-temperature solide-state reaction technique. The X-ray diffraction shows that all the 
samples crystallize in the orthorhombic structure, Pbnm space group, with presence of a 
minor unreacted Nd2O3. The electrical response was studied by impedance complex 
spectroscopy over a broad frequency range (40-100MHz) at room temperature. The values of 
ac conductivity for all samples were fitted by the Jonscher law sdc Aσ)σ( ?? ?? . For x= 0.10 
and 0.20, hopping occurs between neighboring sites, whereas for x=0.30 the hopping process 
occurs through longer distance. Complex impedance plots exhibit semicircular arcs described 
by an electrical equivalent circuit, which indicates that the Nd-doped compounds obey a non-
Debye relaxation process. 
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1. Introduction 
Oxides with general formula ABO3 are classified as perovskite-type oxides. These 
materials exhibit interesting properties giving potential applications. Several works have 
reported in recent years the dielectric properties of inorganic materials, such as the 
CaCu3T3O12 [1] and Sr2TiMnO6 [2] perovskite ceramics. Recently, hole-doped La-based 
manganites such as La1-xCaxMnO3 [3], La1-xSrxMnO3 [4] and La0.7Sr0.3Mn0.7-xTixO3 [5] have 
been investigated by alternating current (ac) and direct current (dc) transport technique. 
In this context, we have previously studied the perovskite manganese oxides La1-xSrxMnO3 
(LSMO) as a typical mixed-valence system because of their high electrical conductivity [6, 7], 
their rich physical properties and their potential applications on a wide range of electronic 
devices such as capacitors, sensors and photocatalysis [8-10]. Since the conductivity of 
LSMO is controlled by the doping element; a way to investigate the conductivity mechanism 
is to study the electrical properties with different dopant concentrations. In this system, a 
lower charge of the A-site is compensated by hole formation in the transition metal d-band. 
Due to lattice distortion the holes are generally localized as small polarons, responsible of 
electronic transport by thermally activated hopping. The electrical conduction in these 
materials has contributions from grains (bulk), grain boundaries, and electrode specimen 
interface [11, 12]. In order to understand the conduction behavior, it is necessary to separate 
these various contributions to the total observed resistance. Complex impedance spectroscopy 
(CIS) is the most reliable and important technique to study such electrical properties and 
processes in these materials. The CIS technique is based on analyzing the ac response of a 
system, and evaluation of the impedance and related parameters as a function of temperature 
and frequency [13, 14]. For a polycrystalline sample, this technique enables to separate the 
contributions of grain and grain boundaries very easily [15–17].  
The purpose of the present paper  is to study the effect of Nd doping on the structural, 
conductivity and complex impedance properties of the La0.7-xNdxSr0.3Mn0.7Ti0.3O3 samples 
with x= 0.10, 0.20 and 0.30, over a wide range of frequencies at room temperature. In our 
polycrystalline sample 3
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valence state (Mn3+-Mn4+) excludes the double-exchange interaction. 
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2. Experimental details 
Polycrystalline samples of nominal composition La0.7-xNdxSr0.3Mn0.7Ti0.3O3 with         
0≤x≤0.30 were prepared using the conventional solid state reaction method. The details of the 
preparation procedure have been reported elsewhere [18]. Identification of the phase and 
structural analysis were carried out by ′′PaNalytical X’Pert Pro′′ diffractometer with filtered 
(Ni filter) Cu radiation (λCuKα1=1.5406 Å) in the Bragg angle range 20°≤ 2θ≤ 120°. The data 
were analyzed using the Rietveld method [18]. 
 For the electrical measurements, the opposite sides of the sample were coated with 
conducing silver paint. The transport properties of the polycrystalline sample were examined 
by ac impedance spectroscopy using an Agilent 4294A over a frequency range from 40-100 
MHz at room temperature. 
3. Results and discussion 
3.1. Structural analysis 
The microstructure and their composition analysis of specimens were studied by 
scanning electron microscopy (SEM) on a JSM-6400 apparatus working at 20 kV at room 
temperature with an energy dispersive X-ray spectrometer (EDX). The EDX spectra at room 
temperature of La0.7-xNdxSr0.3Mn0.7Ti0.3O3 (x=0.10; 0.20 and 0.30) samples are shown in Fig. 
1. These spectra reveal that, besides the presence of La, Nd, Sr, Mn and Ti elements, no other 
elements were introduced in the samples during their elaboration, this indicates that the 
obtained chemical compositions are close to the nominal ones used for synthesis (La: Nd: Sr: 
Mn: Ti = (0.70-x): x: 0.30: 0.70:0.30), within the accuracy limits of the analysis (x± 0.01) 
[18].  
The polycrystalline La0.70-xNdxSr0.30Mn0.70Ti0.30O3 compounds were characterized by X-
ray diffraction (XRD) at room temperature in a previous work [18]. These compounds 
crystallize in the orthorhombic structure with Pbnm space group with minor Nd2O3 impurities 
which were refined as a secondary phase. After several trials using different sintering 
conditions, this secondary phase still persisted, attaining a maximum value of 3.59 % wt.%, 
for x = 0.20? 
We have used the Williamson-Hall approach to deconvolute the crystallite size and the 
strain contribution to the X-ray line broadening since the Scherrer’s formula [19] is not 
appropriate to evaluate any strain contribution. In this approach, the X-ray line broadening 
comes from the contribution of small crystallite sizes and the broadening caused by the lattice 
strain [20, 21]. 
4 
 
βhkl = βsize + βstrain      (1) 
where 
cosθ D
kλ
Size ??  (from Scherrer’s formula) [19]  
with λ, the X-ray wavelength (Cu Kα radiation, λ=1.5406 Å), θ the diffraction angle of the 
most intense peak (112))((hkl) ?  and β the breadth of the observed diffraction line at its half 
intensity maximum; k is the so-called shape factor, which usually takes a value of about 0.9. 
The contribution of the lattice strain can be evaluated through: 
βstrain = 4ε tanθ, where ε is the strain ??
???
?
l
Δl ,   
Therefore Eq. (1) becomes:  tanθ4ε
Dcosθ
kλβhkl ??  
By rearranging the above equation, we get: sinθ 4ε
D
kλcosθβhkl ??  
Fig.2 shows the Williamson-Hall plot for the sample with x= 0.10. The slope of the plot 
βhkl cosθ vs. 4sinθ gives the value of the micro-strain whereas the intercept results yields the 
crystallite size. The crystallite size (D) and the strain (ε) are listed in table 1. 
In the Williamson–Hall method, the broadening due to strain is completely removed and so 
the crystallite size is larger when compared to the results observed by the Debye–Scherer 
method [22]. The strain decreases with increasing Nd-doping (Table1). The strain in the 
diffracting planes originates from micro-stresses caused by structural imperfections which 
may be related to the grain size [23]. 
The variation of the X-ray density (theoretical density), apparent density (experimental 
density) and porosity p with Nd3+ concentration (x) are also reported in table 1. The X-ray 
density was calculated using the formula [24]: 
VN
ZM
a
th ??         (2) 
where, Z is the number of molecules per unit cell of the orthorhombic structure, M is the 
molecular weight of the sample, Na is the Avogadro’s number, V is the volume for a 
orthorhombic unit cell. The experimental density of the samples was calculated using the 
formula [24]: 
hπr
m
2exp ??         (3) 
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where m, r and h are respectively the mass, radius and the thickness of the samples. The 
percentage porosity was calculated using the relation [24]: 
???
?
???
? ??
th
p ?
?exp1 x 100      (4) 
From table 1, the apparent density of the samples was found smaller than the X-ray 
density (theoretical density), which may be due to the existence of pores, which in turn, 
depends on the sintering conditions. Indeed, during uniaxial pressing of these ceramic powder 
particles, some pores or void spaces are created. During initial sintering, a grain boundary 
forms between adjacent particles and every interstice becomes a pore. The value of the 
percentage porosity of the samples was found in the range 12 to 17% (see table1). 
3.2. Electrical conductivity analysis 
The frequency dependence of the ac conductivity for La0.7-xNdxSr0.3Mn0.7Ti0.3O3 (x=0.10, 
0.20 and 0.30) at room temperature is shown in Fig. 3. The ac conductivity can be splitted into 
two parts. Firstly, in the frequency range between 40 to 3 ? 105 Hz, the conductivity is 
practically constant (as shown by a plateau). This plateau corresponds to the dc-conductivity. 
Secondly, at higher frequencies, the variation ac conductivity occurs with changes in slope 
and progressively increases with increasing frequency, suggesting a superposition of different 
transport mechanisms. Different types of hopping and carrier species are then involved in the 
transport behavior. The conductivity can be described by the Jonscher power law [25-27]:  
s
dc Aσ)σ( ?? ??          (5) 
where σdc is the dc-conductivity, A is a pre-exponential factor and s is the frequency exponent 
which may be found by a non-linear fit of the conductivity graphs.  
The value of s has a physical meaning: if s ≤ 1, the hopping motion involves a translation 
motion with a sudden hopping whereas, if s > 1, the hopping motion involves localized 
hopping between neighboring sites. The values of s are obtained from equation (5) and the 
best fit to the experimental data, and are plotted as a function of the Nd content in the inset 
Fig. 3. It is clear that the conductivity decreases with increasing Nd concentration, due to a 
disorder introduced by a size mismatch between La and Nd ions. Indeed, the smaller ionic 
radius of Nd compared to La produces a decrease of <rA> and a decrease of the (Mn/Ti)-O-
(Mn/Ti) bond angle which causes a narrowing of the bandwidth. This behavior is confirmed 
by the electrical resistivity ρ(T) measurements reported in our previous paper [18].  
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From the inset Fig. 3, it is seen that the value of s slightly decreases with increasing of 
Nd content: for samples with x ≤ 0.20 the values of s are slightly higher than 1 (Table 2), 
which indicates that the hopping occurs between neighboring sites [28]. However, for x=0.30, 
the value of the s-parameter is found to 0.92; it can then be expected that the polarizability of 
the material depends on the energy barrier for a simple hopping process between two sites 
[29]. Recent reports also discuss the ac response of materials in connection to the nature and 
value of the s parameter [30, 31]. 
The ac conductivity data have been used to evaluate the density of states at the Fermi level 
N(Ef) using the relation [32]:  
? ? 40522 ln)(
3
)( ??
??? ??
?
???
? ??
?? ? ???
??? fENTke fBAC    (6) 
where e is the electronic charge, f0 the photon frequency and α the localized wave function, 
and assuming f0 = 1013 Hz [33, 34] and α = 2.22 nm-1 [35]. Fig. 4 shows the frequency 
dependence of N(Ef) for La0.7-xNdxSr0.3Mn0.7Ti0.3O3 (x= 0.10, 0.20, 0.30). The density of 
states N(Ef) decreases exponentially with the increase in frequency. The power law 
dependence of the ac conductivity with frequency corresponds to the short-range hopping of 
carriers through trap sites separated by an energy barrier of various heights. Grain boundaries 
are formed during the sintering process in porous materials due to surface reduction or 
oxidation of crystallites due to their direct contact with the firing atmosphere. Presence of 
small grains implies an increased number of insulating grain boundaries and hence, increased 
energy barriers to conduction electrons. 
3.3 Complex impedance analysis  
Impedance spectroscopy is an experimental technique for the characterization of 
electrical properties of electronic materials, such as conductivity, dielectric behavior, 
relaxation characteristic, etc. Fig. 5 shows the complex impedance spectra of                        
La0.7-xNdxSr0.3Mn0.7Ti0.3O3 (x =0.10, 0.20 and 0.30) at room temperature. The impedance 
spectra are characterized by the appearance of semicircle arcs, which can be well traced with 
the increase of frequency. The presence of a single semicircular arc indicates that the 
electrical processes in the material arise basically due to the contribution from bulk material 
[36-38]. These semicircular arcs are off-centered, as it can be seen in Fig. 5, and therefore 
reflect a non-Debye type relaxation process for all our Nd-doped compounds [33, 39-42]. 
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The impedance results were fitted using Z-view software. The best fits are obtained when 
we use an equivalent circuit involving a serial association of a grain resistance Rg (bulk 
resistance) with a resistance Rgb (grain-boundary resistance) associated in parallel with 
constant phase element impedance (ZCPE). The equivalent circuit formed by Rg + (Rgb//ZCPE), 
is shown in the inset Fig. 5. The intersect of the semicircle with the real axis at low 
frequencies is ascribed to the total resistance RT = Rg + Rgb. On the other hand, the impedance 
response Rg of the grain dominates at high frequencies and its value can be deduced from the 
left intersect of the semicircle with real axis. Then, Rgb is given by Rgb = RT - Rg. 
The CPE impedance (ZCPE) is given by the following relation: 
? ? 10 )( ?? ??jAZCPE        (7) 
where α (0 < α < 1) is the exponent which determines a constant phase angle equal to (απ/2), 
f?? 2? is the angular frequency, j2 = - 1 and  A0 is the CPE parameter (expressed in Farad 
units). For an α value equal to 1, 0.5 or 0, CPE will be, respectively, an ideal capacitance, a 
Warburg impedance or an ideal resistance. A0 and α can be temperature-dependent.  
The expression of real (Z') and imaginary (Z'') components of the impedance related to the 
equivalent circuit can be expressed by the following relationships: 
2
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The parameters Rg, Rgb, A0 (CPE) and α have been obtained by a mean square method 
used to minimize the difference between the experimental and calculated data. The parameters 
are listed in table 3.  
It is usually found that the grain boundary resistance is generally higher in these 
manganites as compared to the conducting grains. This is ascribed to the fact that the atomic 
arrangement near the grain boundary region is disordered, resulting in a serious increase of 
the electron scattering. In addition, the internal space-charge created at the grain boundaries 
may lead to a significant increase in the concentration of mobile charges [26,43]. As expected, 
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the resistance Rgb increases with the concentration x, indicating a decrease of the electrical 
conductivity (?dc).  
Fig. 6 shows the imaginary (Z'') component of the impedance as a function of frequency, at 
room temperature, for x = 0.10, 0.20 and 0.30. A single peak is observed at a frequency fr. 
From these peaks we may deduce the value of the relaxation frequency (fr) and we can 
calculate the relaxation time (τcc) using the relation τcc = (2? fr)-1. This behavior similar to the 
one obtained in our previous work [5, 17], describes the type and strength of the electrical 
relaxation phenomenon [44-46] and indicates the presence of relaxation processes in the 
material.   
To analyze the relaxation process, we interpreted the impedance data considering a 
distribution of relaxation times. Therefore, considering the relaxation time τcc, we can write: 
 
)()()1()()(
0
1
0
* ????? dGjZZZZ cc??? ??? ????   (10) 
Here, G(τ) is the distribution function of time constants, and G(τ)d(τ) is the probability of 
finding a Debye element in the differential time element. The distribution must be 
normalizable, 
1)ln()(
0
???? ?? dG        (11) 
For the Cole-Cole model, the derived distribution function is given by the following equation 
[47, 48]:  
? ?? ? )cos()/log(1cosh
)sin(
2
1)( ?????
??
?? ??? ccG    (12) 
 
In Fig. 7 we present the calculated distribution functions for different Nd concentrations 
around fr (f >103 KHz). The Cole–Cole distribution, like the lognormal distribution, is 
symmetrical with respect to a central frequency or relaxation time. The distribution function 
of relaxation time is plotted as a function of the variable log(τ/τcc) in Fig. 7, confirmed this 
behavior. This can represent a relaxation process associated with point defects, such as 
trapping and de-trapping of electrons in deep traps in the grain or in depletion layer regions 
adjoining the grain boundary.  
Generally, this kind of properties depends on the sample parameters, such as thickness 
and morphology, series resistance and density of the interface states between grains. Grain 
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boundaries contain defects which can cause positive or negative space charge distribution at 
the interfaces between the particles. Under the application of an external field, the space 
charges can move and, when they are trapped by the defects, many dipole moments (space 
charge polarization) can be formed, resulting in decentered semi-circles on the real axis.  
The decrease in conductivity confirms this behavior. The non-Debye character of the 
relaxation processes is obvious. The impedance results obtained have confirmed this behavior. 
Similar behavior is observed in many other works [46, 48]. 
4. Conclusion 
In summary, in this work we have investigated the structure and electrical transport 
properties of La0.7-xNdxSr0.3Mn0.7Ti0.3O3 (x= 0.10, 0.20 and 0.30) perovskites over a broad 
frequency range (40-100MHz) at room temperature. Rietveld analysis revealed that all 
samples contained of a minor unreacted Nd2O3 phase with orthorhombic Pbnm symmetry. It 
was found that Nd substitution affects the ac conductivity and the impedance study. The 
electrical conductivity obeys the Jonscher universal power law. The hopping process occurs 
between neighboring sites for x= 0.1 and 0.2 and through long distance hopping for x=0.3. 
The complex impedance analysis indicates that the electrical properties of the materials are 
strongly dependent on frequency. The impedance study using Nyquist representation revealed 
the appearance of decentered semicircle arcs, indicating the existence of a relaxation time 
distribution, well modeled in terms of an electrical equivalent circuit. Distribution functions 
of the relaxation times confirmed this behavior.  
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Fig.1: The EDX analysis spectrum at room temperature of La0.7-xNdxSr0.3Mn0.7Ti0.3O3 (x=0.10; 0.20 and 
0.30) compound. 
Fig.2: Williamson-Hall plot for La0.6Nd0.1Sr0.30Mn0.70Ti0.30O3. 
Fig.3: Variation of the ac conductivity (σAC) as a function of frequency, measured at room 
temperature. The solid lines are the fits obtained using Eq. (5). The inset shows the variation of the 
exponent s with the Nd concentration for La0.7-xNdxSr0.3Mn0.7Ti0.3O3. 
12 
 
Fig.4: Frequency dependence of N(EF) for La0.7-xNdxSr0.3Mn0.7Ti0.3O3 (x=0.10, 0.20, 0.30) samples at 
room temperature. 
Fig.5: Complex impedance for La0.7-xNdxSr0.3Mn0.7Ti0.3O3 (x =0.10, 0.20, 0.30) measured at room 
temperature. The inset shows the equivalent circui. 
Fig.6: Variation of imaginary part (Z’’) of impedance for La0.7-xNdxSr0.3Mn0.7Ti0.3O3 (x =0.10; 0.20 and 
0.30) with frequency at room temperature. Inset shows the variation of reel part (Z') 
Fig.7: Distribution function of relaxation times for given Nd concentrations of the La0.7-
xNdxSr0.3Mn0.7Ti0.3O3 system. 
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ρexp (g cm-3) ρth (g cm-3) p (%) 
 
Strain (ε) % 
Average crystallite size 
Debye-Scherrer 
technique  (DS) (nm) 
Williamson-Hall 
technique   (D) (nm) 
x= 0.10 5.452 6.206 12.1 1.07?10-3 108 274 
x= 0.20 5.305 6.283 15.5 9.76?10-4 111 359 
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x= 0.30 5.226 6.288 16.8 9.48?10-4 110 301 
 
Table 1: Values of ρth, ρexp, p, strain and crystallite size of samples   La0.7-
xNdxSr0.3Mn0.7Ti0.3O3, prepared by solid state reaction. 
 
 
 
 
 
samples σdc (S m-1) A s 
x = 0.10 0.335 7.0?10-10 1.05 
x = 0.20 0.300 1.4?10-9 1.01 
x = 0.30 0.276 6.0?10-9 0.92 
 
 
Table 2: Nonlinear fit of conductivity using eq. (5) from data at room temperature for samples 
La0.7-xNdxSr0.3Mn0.7Ti0.3O3 (x= 0.10, 0.20, 0.30). 
 
 
 
 
 
 
 
Sample Rg (Ω) Rgb (Ω) CPE(F) α 
x = 0.10 56 206 9.9?10-6 0.79 
x = 0.20 62 227 1.7?10-6 0.80 
x = 0.30 60 257 4.4?10-7 0.81 
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Table 3: Electrical parameters deduced from complex impedance fo  La0.7-
xNdxSr0.3Mn0.7Ti0.3O3 (x = 0.10, 0.20, 0.30) at room temperature. 
 
 
Highlights 
? The La0.7-xNdxSr0.3Mn0.7Ti0.3O3 samples crystallize in the orthorhombic structure. 
? The conductivity decreases with increasing Nd concentration. 
? The impedance spectra are characterized by the appearance of semicircle arcs. 
? The distribution function of relaxation time presents a symmetrical shape with respect 
to the central frequency.  
